High performance electromagnetic interference (EMI) shielding materials that are of lightweight, thin, and easyto-design are extremely important for future portable and wearable electronic and telecommunication devices. Achieving such functionalities using environmentally friendly and biodegradable materials is becoming increasingly important and adds on even more value. Herein, we demonstrate two-and three-phase composites of poly(lactic acid), graphite and biochar that can be produced in large quantities and practically in any shape or form by applying facile twin-screw extrusion and subsequent hot-pressing methods. The developed conducting polymer composites with a wide range of filler loading level enable excellent shielding with an effectiveness beyond 30 dB at K-band frequency range (18-26.5 GHz) using very thin films (0.25 mm). The corresponding specific shielding effectiveness 890 dB cm 2 g −1 is particularly high among biodegradable shielding materials.
Introduction
Portable and wearable electronic devices are becoming more common in the future due to the rapid expansion of the internet-ofthings and digitalization, which are propelled by new advanced functional materials and technologies that are in the pipeline today [1] [2] [3] . The associated 5G and upcoming 6G telecommunication systems however, pose challenges of electromagnetic interference (EMI) that can influence data traffic, device reliability and may even have adverse effects on health (although this latter is still the topic of debates). Anyhow, the new generation of devices will inevitably require versatile affordable and high-performance EMI shielding solutions. As the functional devices can be very different in terms of their size, shape, location, and there may be other demands related to their mechanical properties (e.g. flexibility, density), it is important to find new materials and technologies that are robust enough to support as many key boundary conditions as possible [4] [5] [6] [7] [8] . Accomplishing such an effort using sustainable and biodegradable materials [9] [10] [11] makes the solution not only elegant but also environmentally friendly from which humankind can only benefit.
Typically, rigid metal-based materials have been favored in EMI shielding due to their superior electrical conductivity resulting in their simplicity and good overall shielding effectiveness (SE) [2] [3] [4] [5] 12] . However, metals have a number disadvantages such as high mass density and cost, cumbersome application on curved surfaces. To tackle with adverse properties of metal-based shielding, recent efforts suggest porous conductive foams [13] as well as conductive polymer composites (CPCs). For this latter, micro-and nanoscale fillers of carbon materials such as graphite [14] , graphene [5, [15] [16] [17] [18] , reduced graphene oxide [7, 8, 19, 20] , carbon nanotubes [6, [9] [10] [11] [21] [22] [23] [24] , bio-based pyrolytic carbons [25] [26] [27] , and also other conductive materials including MXenes [2, 3, 12, [28] [29] [30] , metal nanoparticles [29, 31] and nanowires [32] have been proposed. These composites offer reasonably low mass densities, often with good flexibility [7, 16, 24, 28] and stretchability [31] that are particularly important for wearable devices [3, 28, 33] .
Recently, a number of bio-based renewable carbon materials derived e.g. from bamboo, sugarcane and cork have been found suibale for EMI shielding [25] [26] [27] , in which the biomass was converted to electrically conductive carbon materials by simple pyrolytic processes [34, 35] . Although, the electrical properties of these bio-based carbons are highly dependent on the origin of the source, using abundant feedstock one can produce the conductive materials in large quantities with well-controlled properties making the process highly robust for the industry thus solving multiple economic and environmental challenges [34] . Furthermore, to have even greener materials and processes, the bio-based carbons may be compounded in suitable biodegredable polymers making the as-produced EMI shielding composites truly sustainable and environmentally friendly.
Herein, we present new two-and three-phase conductive composites that comprise biochar (BC) derived from pine chips as well as graphite (G) used as fillers and poly(lactic acid) (PLA) applied as host. These novel CPCs were compounded via robust twin-screw extrusion and then shaped to the final form of the EMI shielding component by subsequent hot-pressing. The effect of filler content on the EMI shielding performance of the composites was assessed at the K-band (18-26.5 GHz) particularly important for 5G telecommunication. The composites showed astonishing shielding effectiveness (SE) of > 32 dB at a film thickness of 0.25 mm, corresponding to a high specific shielding effectiveness (SSE/t) of > 890 dB cm 2 g −1 suitable for applications in both wearable/portable and stationary devices.
Experimental

Materials
Poly(lactic acid) Ingeo™ 3052D (PLA) granules (Natureworks, USA) with density of 1.24 g/cm 3 were used as polymer matrix. TIMREX SFG75 graphite powder (TIMCAL, Switzerland) with density of 2.03 g/ cm 3 and grain size of ∼75 μm was used as one of the conductive fillers, whereas the other one was biochar (pine pyrolyzed at°370 C, Noireco Oy, Mikkeli, Finland).
Synthesis of two and three phase composites
The PLA granules were dried in an oven at°80 C for > 4 h. The biochar was first crushed into smaller pieces using mortar and pestle, after which it was pre-grinded with a cross beater mill (SK100, Retsch, Haan, Germany) and sieved across an 0.5 mm mesh. The pre-grinded biochar was milled further using a pinmill (UPZ-II, Laboratory Fine Impact Mill, Hosokawa Alpine, Augsburg, Germany) at 22000 rpm with five passes. After milling, the median particle size (d 50 ) of the biochar was measured to be 17.7 μm (Fig. S1 ).
Several series of composite granules composed of multiple batches with different compositions were compounded at°190 C using a twin screw extruder (HAAKE Minilab Rheomex CTW5) at 30-100 rpm for 15 min. The fabrication method can be highly reproducible from batchto-batch producing composite granules with uniform and excellent quality, for example, through straightforward recycling of the extruded filament if necessary. The compositions were as follows: To form thin slabs of the composites for EMI shielding analysis, the granules were compression molded into circular sheets using a hot press at°190 C and 40 MPa for 10 min. The obtained composite sheets were cut into smaller pieces and then polished to fit the sample holder (10.67 mm × 4.34 mm) in the waveguide test setup (Fig. 1a) . The average mass densities of PLA/G, PLA/G9-20/BC26, and PLA/G30/ BC6-20 composites varied between 1.30 and 1.43 g/cm 3 . To ensure proper electrical probing for direct current conductivity measurements, two electrodes were painted on the samples using a conductive silver paint (Electrolube).
Characterization
The microstructure of the composites and biochar/graphite powders were analyzed be scanning electron microscopy (Zeiss ULTRA plus FESEM) using cross-sectioned and polished samples. The particle size distribution was measured with a laser diffraction analyzer (Beckmann Coulter LS 13320) using the Fraunhofer model and wet procedure.
The voltage-current characteristics of the composites were measured at°23 C with a two-probe four-wire setup using a Keithley 2450 source meter. The electrical conductivities were calculated using equation S(1) and given as the mean of at least 4 samples with corresponding standard errors for each composition (maximum value).
The electromagnetic interference (EMI) shielding measurements in the K-band frequency range (18-26.5 GHz) were carried out using a Keysight WR60 rectangular waveguide with a sample holder and 2-port Agilent 8517B S-parameter Test Set. The waveguide measurement setup was calibrated with the standard two-port method in forward and reverse direction by measuring through, short and load. The thickness of the characterized samples was varied between 0.25 mm and 5 mm. The EMI shielding effectiveness (SE) values were calculated from the measured scattering parameters (equations S2-S7) and given as the mean of at least 4 samples.
Results and discussion
Microstructures of two-and three-phase CPCs
The ability of a material to block incident electromagnetic waves (EMW) is highly dependent on its microstructure. Therefore, first, we analyzed the distributions of the fillers in the composites using scanning electron microscopy ( Fig. 1b-g ). As expected, the graphite and biochar fillers form a randomly distributed network within the polymer matrix. The FESEM micrographs of PLA/G43 composite reveal well-connected flake-like microparticles (Fig. 2a) in the polymer (Fig. 1b) . The threephase PLA/G/BC composites can have even more densely packed filler network due to added biochar, which comprises smaller particles (rectangular shape) than that of the graphite particles but with a broad size distribution (Fig. 2b) and enable higher loading levels (Fig. 1c-g ).
Electrical properties of the composites
Another important factor that has a strong influence on the EMI shielding performance is the materials electrical conductivity. Higher conductivity of a composite implies higher concentration of mobile electrons and/or better interconnection of the conductive phase in the mixture. The former results in an enhanced absorption of the electromagnetic waves as those can directly excite the electrons in the conduction band, whereas the latter improves ohmic losses in the network. According to our measurements, the electrical conductivity of the composites (tabulated in Table S1 ) increases both as a function of graphite and biochar contents. The highest average electrical conductivity was reached (42.2 S/m) at graphite and biochar contents of 30 vol% and 20 vol%, respectively. Of the two-phase PLA/G composites, the ones with 30 and 43 vol% graphite loading achieve electrical conductivities (1.7 and 18.5 S/m, respectively) that are sufficient for practical EMI shielding applications (1 S/m). When having also the third phase in the composites, the concentration of graphite may be decreased while maintaining or even improving the conductivity. For instance, adding 16 vol% biochar to 30 vol% graphite, we get an improvement of the conductivity from 1.7 S/m to 27 S/m, which is even higher than that for the most conductive 2-phase composite (18.5 S/m). Also, interesting to note that the conductivity of composites increases
linearly with the concentration of biochar. Anyhow, the weaker dependence of conductivity on the biochar content as compared to graphite relates to the amorphous structure [33] and less conductive nature of pyrolyzed pine.
EMI shielding properties
The EMI shielding performances of our composites measured at the K-band frequency range (18-26.5 GHz) (Fig. 3a-c , Table S1 ) show (SE T ) between 1.9 and 48.7 dB for samples with thickness of 5 mm. All the materials that were found conductive in the direct current measurements display good shielding effectiveness (above 20 dB or 99%). The best performing composites are among the ones having the highest filler contents (and thus highest conductivities and relative permittivities) reaching total shielding effectiveness values above 40 dB (i.e. > 99.99%) out of which absorption and reflection losses are SE A 35 dB and SE R ∼5 dB, respectively. Accordingly, ∼68% of the total power is reflected, and the rest is very effectively absorbed. In the case of nonconductive composites, the shielding mechanism is similar but the absorption losses are smaller (Fig. 3d) .
Although the biochar itself cannot form a highly conductive network, however, when it is used for substituting a part of the larger graphite flakes, the shielding effectiveness is improved due to the increased number of wave scattering centers, despite the lower conductivity of biochar itself (Fig. 3a-c) . Therefore, hybrid fillers (i.e. biochar/graphite) can provide higher shielding performance and also prove to be advantageous in controlling the percolation treshold and conductivity of composites, that is difficult with highly conducting fillers. In addition, assuming linear frequency dependency of SE, the composites could likelily provide effective shielding also at lower frequencies (< 1 GHz).
The effect of thickness on the SE R, SE A, and SE T for the three-phase PLA/G30/BC20 composite are shown in Fig. 3e . As expected, the reflection loss SE R is fairly independent on the shielding materials thickness and frequency, whereas the absorption loss SE A and together with it also the total shielding effectiveness SE T show remarkable increase. Typically, SE A and thus SE T of conducting polymer composites is low when the thickness of the shielding materials is lower than 1 mm ) as a function of the materials thickness, we find that the values depend on t instead of being constant (Fig. 3f ) similar to results reported also for many other conductive composites [5, 6, 15, 19, 20, 22, 29, 30, 36, 38, 39] . Such a behavior implies, that the absorption loss mechanism is not obeying the classical exponential decay dictated by the Beer-Lambert law (having a linear argument in its exponent), and suggests nonlinear absorbance similar to wave propagation and attenuation in scattering media.
The proposed EMI shielding mechanism
The explanation of the different shielding efficiencies for the conductive and non-conductive composites lies in the degree of interaction between the electromagnetic waves and mobile (i.e. delocalized) electrons. In the non-conductive composite, the waves can induce oscillating currents only in the sterically and thus electrically isolated (but conductive) fillers. The polymer phase and other non-conductive particles only contribute to the losses with polarization and associated relaxation processes. On the contrary, in the conductive composites, in which the conductive filler particles form percolated networks, the oscillating currents also pass through large numbers of interparticle junctions that facilitate further ohmic losses in the system.
As for the reflection/absorption of waves, we may distinguish multiple processes. One at the interface of the composite and air, and another one inside the composite at the interfaces of the polymer matrix and solid filler particles (Fig. 4a) . The reflection at the composite-air interface depends on the effective permittivity of the medium (which is a function of the permittivities and volumetric ratios of the individual phases). The higher the effective permittivity of a medium, the higher the reflectance on its surface in air. Thus, at higher loadings of the carbonaceous fillers (having higher permittivity than that of the PLA phase) the composite will have also higher effective permittivities and consequently higher surface reflections, that is in good agreement with the measured SE R values in Table S1 .
Even though the majority of electromagnetic radiation is reflected at the air-composite interfaces (R ∼0.68), the absorption arising from scattering, polarization and consequent ohmic losses in the multi-phase media is also spectacular and contributes to the overall EMI shielding. Scattering of the waves in the volume of the multi-phase media on the other hand has little contribution (if any) to the macroscopic reflection losses measured in the experiments. In fact, such internal scattering of the waves results in a longer optical path in the medium, and thus promotes surplus absorption by the conductive phase, i.e. increases SE A significantly (Fig. 4a) . As the scattered intensity is a function of the permittivities of the phases and also increases with the concentration of scattering centers (i.e. the loading of filler particles in the composite), higher filler loadings will inherently improve the absorption also through this mechanism. It is worth noting here, that the effect of scattering intensity is not adequately included in theoretical models of wave propagation in medium, therefore leading to discrepancy between idealistic models and measurements in composites. In addition, in percolated networks, further losses may arise due to Maxwell-WagnerSillars principle [40, 41] caused by the charging/discharging of distributed microscopic capacitor networks (formed by the conductive fillers in the dielectric matrix) in the composites [38, 42, 43] . The mechanisms can noticeably enhance the absorption of EMWs through established conductivity mismatch leading to polarization and charge accumulation at carbon filler/PLA matrix interfaces.
As a consequence, our shielding composites with thickness lower than that of the theoretical skin-depth can have excellent shielding effectiveness with corresponding specific values near to 1000 dB cm 2 g −1 at 18 GHz (equation S(10)), that is multiple times higher than in many environmentally friendly biodegradable materials. The shielding effectiveness of the best three-phase composites were comparable to those reported for some of the most efficient thin film EMI shielding materials (Table S2 ). However, the specific values are partly limited by their relatively higher density in comparison to other well-performing thin shielding materials (Fig. 4b) . Anyhow, these other shielding materials in many cases are neither biodegredable, environmentally friendly nor use biocarbons as filler(s) (Table S1 ). Therefore, the multiphase composites are highly auspicious in terms of their high electrical performance with addition of being relative lightweight, thin, and easy-to design or shape to any form.
Conclusions
Environmentally friendly, sustainable and biodegradable two-and three-phase composites of graphite, biochar and polylactic acid were compounded and then molded to produce thin slabs of highly efficient EMI shielding materials for applications in the K-band frequency range (18-26.5 GHz) important for 5G telecommunication. Highly conductive composites (> 30 S/m) with staggering shielding effectiveness (> 30 dB) at very low film thickness (0.25 mm) were demonstrated. According to microwave measurements, efficient scattering of electromagnetic waves on the fillers and thus their enhanced travel distance in the absorbing medium play the major roles in the attenuation. The developed composites are particularly relevant for applications of wearable/portable devices, radiation sensitive electronics and sensors. 
